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Fifteen dihydrosphingosine analogues have been synthesized and tested in vitro against Mycobacterium
tuberculosis (MTB). Two ether (3 and 4b) and one diamine (8b) derivatives have displayed high mycobac-
tericidal potency, with similar MIC values of 1.25 ug/mL, against the virulent strain H37Rv, as well as
against a clinical isolate resistant to the five first-line anti-TB drugs. The three compounds, tested on
other eleven cultured MTB strains with different multi-drug-resistance (MDR) patterns, retained their
MIC values for most strains, or even lowered it, as in the case of compound 4b, which, assayed on strain
No. 332, also resistant to all first-line anti-TB drugs, attained the MIC value of 0.78 pg/mL.

© 2009 Published by Elsevier Ltd.

Tuberculosis (TB), mainly caused by Mycobacterium tuberculosis
(MTB), has been widespread since ancient times and remains a
worldwide major health problem. TB morbidity, with 8-9 million
new infections per year, and its mortality, with 3 million deaths
annually,! represents the largest numbers of incidence and of hu-
man deaths attributable to a single etiologic agent. Mycobacteria
are able to survive in a latent state in infected individuals, thereby
serving as a reservoir, waiting for the opportune reactivation.?
According to World Health Organisation (WHO) estimation, 2 bil-
lion people, almost one-third of the world’s population, are be-
lieved to be infected with MTB.2

After several decades of decline, TB is currently rising, mainly
due to co-infection with HIV (AIDS) in immunocompromised pa-
tients. It is estimated that 15 million people are simultaneously in-
fected with HIV and MTB, and around 0.5 million of the 1.36
million HIV-associated deaths in 2007 were directly attributable
to TB.# An additional contributing factor is the continued emer-
gence of new MDR-MTB strains,> often associated with poor com-
pliance to treatments and, since 2006, to the officially recognized
appearance of MTB strains with extended resistance (XDR-MTB),®
now spread to more than 50 countries.” Furthermore, TB treatment
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protocols are prolonged (six months), complex and rather expen-
sive and in the majority of cases end in the poor patient
compliance.

Due to the facts mentioned above and to TB latency new anti-TB
drugs and better therapeutic strategies against TB are urgently
needed. New drug candidates should shorten the standard treat-
ments and be sufficiently effective against MDR-TB. Though several
compounds are currently in advanced phases of clinical assay, dur-
ing some forty years no new compounds have been introduced in
the market for TB treatment. However, in recent years an empha-
sized research activity in the development of new TB drugs has
been produced. Some compounds are, at present, in clinical devel-
opment, while others are being investigated pre-clinically in an at-
tempt to discover new molecules for a target-based treatment of
TB.2 Crossing the vast, heavy and most complex polypeptide-poly-
glycoside-polylipidic mycobacterial wall is one of the major prob-
lems these compounds have to overcome.’

Sphingosine (SPH, Fig 1) is a basic component of sphingolipids
and ceramides. It is biosynthesized from serine and palmitic acid
through its saturated precursor dihydrosphingosine (DSPH). Sphin-
gosine 1-phosphate (S1P), the activated form of SPH, is involved in
a wide spectrum of biological processes, including Ca®* mobiliza-
tion, cell growth, differentiation, motility and cytoskeleton organi-
zation.'® Most interestingly it has been reported that the roles of
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Figure 1. The structural basis of this research.

SPH, S1P, ceramides and other lipid components on MTB containing
endosomes lead to lysosome activation in the MTB-infected cell.!!
This observation could support the use of sphingoanalogues in the
configuration of effective drug regimes for attacking the human
MTB reservoir, the inveterate latent TB, affecting one third of the
planet’s population.

From the structural point of view, SPH and DSPH contain, as a
pseudo-symmetric functional arrangement, a duplicate aminoeth-
anol (hydroxyethylamine) fragment also present in duplicate
though separated by an ethylene bridge, in the structure of one
of the first-line anti-TB drugs, ethambutol (EMB, Fig. 1). In addition,
EMB contains the central ethylenediamine bridge, which is also
necessary for its antimycobacterial activity. Studies of the mecha-
nism of action of EMB have revealed its ability to interfere with the
integrity of the mycobacterial cell wall through the inhibition of
arabinogalactan biosynthesis,'? though other possible pathways
have also been proposed.'?

These facts prompted us to consider the evaluation, against
MTB, of a selected number of linear aminoethanol and ethylenedi-
amine derivatives with the objective of discovering new potential
anti-TB agents. As can be seen in Fig. 1 the compounds selected
for evaluation (types I, Il and III) contain fragments closely related
to DSPH and to EMB. In this preliminary in vitro evaluation we
have only included saturated and structurally simplified racemic
compounds, chemo-modulated mainly through common and sim-
ple alkylation/acylation of functional groups, in order to configure
false DSPH analogues containing either original or masked phar-
macophoric fragments of EMB to provide more polar and more sol-
uble or latentized forms.

For several years our research group has been working on the
synthesis of this type of family of compounds and has reported on
the results derived from several bioactivity tests, including phos-
pholipase A2 inhibition, anti-inflammatory and anti-parasitic eval-
uations.'3~¢ Further support for the hypothetical antimycobacterial
activity of these compounds were found in recent descriptions of
the potential interest of NSAID (through inhibition of prostaglandin
biosynthesis)!®> and immune-modulation (through induction/
inhibition of selective cytokines)'® drugs for anti-TB therapy. Both
aspects, respectively represented by PLA, inhibition,'#? lymphopro-
liferation inhibition!” and vaccination adjuvation'® have been
documented previously by us for some substances belonging to
the series included in this research. Experimental results from such
diverse bioactivity evaluations reported in our previous papers, also
support the selection of the palmitic size (tetradecyl side-chain) as
the most promising for a better antimycobacterial activity of these
compounds, while facilitating comparisons on the influences due
to the range of functionalities implemented in the structures.

The synthesis of several series of lipidic aminoalcohols and
diamines has been reported previously by us.!* Here we include
only a brief description of the procedures followed to obtain those
compounds tested in this research (Scheme 1). In summary, the
Boc-protected aminoalcohol 1a, used as starting material, was
transformed into its benzyl ether 2. Boc-deprotection in acid con-
ditions gave the benzyl ether-amine 3. This intermediate 3, was
monoalkylated and transformed into the secondary amines 4a
and 4e, by treatment with either ethyl bromide or ethyl bromace-
tate, respectively. Amides 4¢ and 4d were obtained by acylation
with succinyl and glutaryl anhydrides, respectively. The tertiary
amine 4b resulted from dialkylation of 3 with ethyl bromide ex-
cess, while catalytic hydrogenolysis of the benzyl ether 4b led to
the free primary alcohol 5b.

Diamine derivatives were also prepared from compound 1a. The
hydroxyl group was first mesylated, then transformed into the cor-
responding azide and further reduced to the diamine 6a. Treat-
ment of 6a with either one or two equivalents of ethyl bromide
gave predominantly compounds 7a and 7b, respectively. The reac-
tion of 6a with glutaric anhydride yielded compound 7¢, while its
alkylation with an excess of ethyl bromacetate led to the disubsti-
tuted amine 7d. Compound 7b was Boc-deprotected with acid to
yield the diamine 8b.

1-Aminohexadecan-2-ol derivatives were prepared from 1-
hexadecene (9), through epoxidation with meta-chloroperbenzoic
acid, followed by oxirane opening with cyclohexylamine or benzyl-
amine leading to aminoalcohols 11a and 11b, respectively, in good
yields (Scheme 2). The inclusion of only two compounds with in-
verted functionality in this study, as well as the selection of benzyl-
amine and cyclohexylamine, was due to several reasons. According
to the structure correlations shown in Figure 1 and to the fact that
the primary alcohol of SPH constitutes the actual activating phos-
phorylation target, the expectancy of activity for compounds con-
taining the inner fragment (III) of DSPH, with the secondary
alcohol, should be lower than that expected for those containing
the outer (I) fragment. The benzyl group as an N-substituent had
not been considered in compounds of types 4-8. It could easily
be removed and replaced by any other group, thus opening the
route to the needed or desired chemodiversity. Moreover, the
interest of the cyclohexyl fragment can be focused on its own sec-
ondary nature which could mimic the isopropyl group, also absent
in compounds 4-8 and, due to its potential free rotation around the
N-cyclohexyl bond, it could also mimic t-Bu, adamantanyl and
bulkier radicals.

Fifteen compounds of those represented in Schemes 1 and 2,
being four aminoalcohols, five aminoethers and six diamine deriva-
tives, were selected and submitted to the in vitro MABA anti-MTB as-
say.'92! The MIC values found are shown in Table 1, along with the
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Scheme 2. Synthesis of 1-aminohexadecan-2-ol derivatives from 1-hexadecene.

value for EMB, for a close structure-activity comparison and the va-
lue for rifampicin (RMP) as reference of another first-line pharma-
ceutical, a very effective and potent anti-TB drug, which acts
through RNA-polymerase inhibition. Due to large differences in
molecular weight between compounds and standard drugs, MIC val-
ues are expressed in .UM units rather than in pg/mL, most commonly
found in the literature reporting screening anti-MTB results, to pro-
vide adequate comparisons of antimycobacterial potencies. Bold-
face numbers in each column represent MIC values lower than those
corresponding to EMB, the reference drug, structurally close to the
compounds evaluated. Antimicrobial potencies relative to EMB
(Pg), calculated for both, sensitive and MDR strains by means of
the equation Pg = MICg (UWM) /MICcomp(1tM) are also included.

As can be observed the compounds of the three different series
were, in general, active against sensitive and MDR-MTB and better
against the MDR strain in comparison with the reference drug
EMB. It can also be seen that both Type I and Type Il sub-series
contain representative compounds which were more potent than
EMB. Nevertheless, such considerations cannot be extended to
Type Il derivatives due to the reduced number of compounds

BnCl/NaH/DMF; (ii) HCI/THF; (iii) EtBr/EtsN/DMF; (iv) glutaric anhydride/CH,Cl,; (v)
MsCl/Et3N/CH,Cly; (b) NaN3/DMF; Pd-C/THF/NaBH4/MeOH.

Table 1
Antimycobacterial effect of dihydrosphingoanalogues on sensitive (H37Rv) and MDR
(CIB99) MTB strains®

Type Compd H37Rv CIB99
MIC(uM)  Pg° MIC(uM)  Pg°
I 2-amino-1-alkanol 1a 84 0.12 84 >5
1b 24 0.41 49 >16
3 3.6 2.8 3.6 >43
4a 16.6 0.6 16.6 >9.5
4b 31 3.2 31 >50
4c 140 0.07 140 >1.1
4d 68 0.14 68 >2.3
4e 72 0.13 72 >2.2
5b 20 0.5 40 >3.9
Il 1,2-alkane-diamine 6a 30 0.3 30 >5.2
6b 12.6 0.8 12.6 >12
7a 32 0.3 32 >4.9
7b 15.2 0.65 15.2 >10
7c 133 0.07 133 >1.2
7d 59 0.17 59 >2.7
8bh 4.0 25 8.0 >19
Il 1-amino-2-alkanol 11a 33 0.30 11 >14
11b 36 0.28 72 >2.2
Ref. drugs EMB 9.9 1 >158 1
RMP 0.152 650 >2.43 ~65

3 CIB99 is a complete SIREP-resistant MTB strain.'®
b Anti-MTB potency, relative to that of eMB. [Pg = MICg (UM)/MICcomp (HM)].

being evaluated and to the differences in substituents with respect
to the other sub-series. Furthermore, compounds of Type I and
Type Il seem to behave in an almost parallel manner, though with-
in all the results obtained only one direct comparison can be made.
In this case, the double primary 1,2-diamine 6b (12.6 uM) resulted
one-dilution-level more potent than the free 2-aminopalmitol 1b
(24 uM).

One of the most interesting facts observed is related to the anal-
ogy of the relative anti-MTB potencies calculated for compounds 3
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(Pg value >43) and 4b (>50) and that estimated for the highly po-
tent anti-TB drug RMP (Pg ~65) in the case of the MDR strain. Other
Pg bold-face values in the CIB99 column correspond to compounds
with antimycobacterial potency one-order or higher than that of
EMB against the MDR strain. Another observation relates to the
negative influence of the Boc-protecting group on the activity,
which can be observed either against the sensitive as the MDR
strain, for the pairs of compounds 1a/1b (84 vs 24 uM, respectively,
for H37Rv MICs), 6a/6b (30 vs 12.6 uM) and 7b/8b (15.2 vs
4.0 uM). On the other hand, the presence of the benzyl ether moi-
ety compares positively with its absence in the alcohol derivatives
tested, as can be seen for the pairs of compounds 3/1b (3.6 vs
24 nM) and 4b/5b (3.1 vs 20 pM).

Relating to substituents attached to the amine groups, the neg-
ative influence mentioned above for N-Boc protection, can be ex-
tended to hemisuccinyl and hemiglutaryl amides belonging to
both the aminoalcohol and the diamine series, with respect to
unsubstituted, mono- or dialkylated amines. This can be seen for
Type I amides 4c, 4d (140, 68 1M, respectively) in comparison with
compounds 3, 4a, 4b (3.6, 16.6, 3.1 uM) and Type II amide 7c
(133 uM) as compared with compounds 6b, 7a, 7b (12.6, 32,
15.2 uM). The analysis of the above values, in brackets, also dem-
onstrates that unsubstituted and dialkylated amines are rather bet-
ter than those monosubstituted analogues. Finally, comparison of
anti-MTB potencies of ethyl (4a, 7b; 16/15.2 uM) or methoxycar-
bonylmethyl (4e, 7d; 72/59 nM) alkylated amines give preference
for the first group. Nevertheless, more compounds with other sub-
stituents of different size and constitution should be prepared and
tested to attain a better definition of their influence on anti-MTB
activity.

Confirmatory assays were carried out with the most potent
antimycobacterial compounds 3, 4b and 8b*? on eleven MTB
strains with different MDR profiles. The results are reported in Ta-
ble 2 and confirmed the potentiality of two of these compounds
against multi-resistant MTB strains. As can be seen, while the dia-
mine derivative 8b showed a one-order reduced potency, com-
pounds 3 and 4b presented a sustained activity against most
MDR strains. Thus, compound 3 was similarly effective on strains
No0.401 and No.366, resistant to four of the first-line drugs, and
on strain No. 411, resistant to all of them. Similarly, the diethyl-
amine derivative 4b, was effective on strain No. 363, [,E-resistant,
on strain No. 366, resistant to four TB drugs and on strain No.
535, resistant to all of them. Interestingly, compound 4b, with an
MIC value of 1.9 pM, resulted even more effective against strain
No.332, resistant to all the first-line anti-TB drugs. It is interesting
to note that compound 8b was much more active against CIB99

Table 2
Antimycobacterial profile of compounds 3, 4b and 8b on MDR-MTB strains
MTB strain No.? Resistance profile SIRE P MIC (uM)
3 4b 8b
528 RRRRR? 18 15.5 40
160 RRRRR 9.0 7.7 40
401 RRRSR 45 7.7 40
494 RRRSR 9.0 7.7 40
411 RRRRR 4.5 7.7 40
331 RRRRR 9.0 15.5 40
429 SRRRR 9.0 7.7 40
366 RRRRS 4.5 39 20
363 SRSRS 18 39 40
332 RRRRR 36 1.9 40
535 RRRRR 18 39 40
H37Rv SSSSS 3.6 3.1 4.0

SIREP: Streptomycin, Isoniazid, Rifampicin, Ethambutol, Pyrazinamide.
@ Reference characterisation No. given at the CIBIN-IMSS Research Centre.
b R: resistant and S: sensible, to the corresponding drug above.

than to the other MDR strains included in Table 2. It is well known
that resistance to anti-mycobacterial agents is due to the presence
of mutations in one or more genes.?* Furthermore, within one gene
several mutations could appear which would produce different
grades of resistance against the same compound.?* Thus, possibly
one or more mutations could be present in CIB99, but not in the
other tested strains, making CIB99 more susceptible to 8b; or,
reciprocally, the other strains could have a particular mutation ab-
sent in CIB99 inducing resistance to the diamine 8b, but not affect-
ing the susceptibility to aminoalcohol derivatives 3 and 4b.
Nevertheless, this matter would need the characterization of the
complete genome of all the strains used in the present study.

In summary, representative compounds of the two main types
(Iand II) of the dihydrosphingoanalogues tested in this study have
shown a fair in vitro anti-MTB activity against sensitive and MDR
strains and their potential utility as anti-TB drugs seems to merit
further consideration. On the basis of their behavior against MDR
strains compounds 3 and 4b have been sent for their acute toxicity
to be evaluated (LDsg), before carrying out in vivo assays, necessary
to ascertain their real anti-TB effectiveness in infected mice.
Molecular modeling calculations, ADME and toxicity prediction,
involving compounds with some changes in functionalities and
side-chain sizes of analogues, as well as preparative synthetic
work, aiming to extend the evaluation to a larger number of com-
pounds, are being performed; particularly for compounds of type
III. Other studies to define the precise target(s) for these com-
pounds in the mycobacteria, oriented to establish the actual mech-
anism of action, are also being planned.
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blue well was confirmed microscopically.
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Analytical data for compound 3: white crystal, mp: 72 °C. IR vmax: 3379, 293,
1589, 1459, 1362, 1204, 900 and 736 cm™'. "H NMR (200 MHz, CDCl5): 6 (ppm)
7.33 (5H, m, Ar); 4.53 (2H, s, CH,-Ar); 3.46 (1H, dd, J; = 8.9, > = 3.6 Hz, H-1,);
3.23 (1H, dd, J; =8.9, J,=7.9 Hz, H-1g); 2.99 (1H, m, H-2); 1.25 (26H, m,
(CHa)3); 091, (3H, t, J; =6.1, CH3).). '*C NMR (50.3 MHz, CDCl3): 6 (ppm)
138.8, 128.4, 127.7, 75.8, 73.2, 51.1, 34.2, 31.7, 29.7, 294, 26.1, 22.7, 14.2.
HRMS: Calcd: 348.3244 (M*+H); found: 348.3261. Anal. Calcd for C;3H4;NO: C,
79.48; H, 11.89; N, 4.03. Found: C, 79.46; H, 11.83; N, 4.05.

Analytical data for compound 4b: Yellow oil. IR vpax: 2923, 2854, 1696, 1459,
1371, 1205, 1107, 906 and 734 cm~". '"H NMR (200 MHz, CDCl5): & (ppm) 7.33
(5H, m, Ar); 4.51 (2H, s, CH,-Ar); 3.56 (1H, dd, J; = 9.6, J> = 5.7 Hz, H-1,); 3.35
(1H, dd, J1=9.6, J=5.3 Hz, H-1g); 2.81 (1H, m, H-2); 2.53 [4H, m, (N-
CH,CH3),]; 1.26 [26H, m, (CH3)13); 1.02 [6H, t, ] = 7.1, (N-CH,CH3),]; 0.88, (3H,
t,J; = 6.8, CH3).). 3C NMR (50.3 MHz, CDCls): 6 (ppm) 138.7, 128.4, 127.8, 73.2,
70.7,59.2, 44.3, 32.0, 29.8, 29.4, 29.0, 27.1, 22.8, 14.2. HRMS: Calcd: 404.3906
(M*+H); found: 404.3902. Anal. Calcd for C;7H49NO: C, 80.33; H, 12.23; N, 3.47.
Found: C, 80.31; H, 12.19; N, 3.45.

Analytical data for compound 8b: Oil. IR vihax: 3373, 2922, 2852, 1691, 1519,
1389, 1251, 1173 and 1053 cm™~'. 'H NMR (200 MHz, CDCl5): 6 (ppm) 4.59 [1H,
m, NHCOOC(CH3)s]; 3.52 (1H, m, H-2); 2.50 [4H, q, ] = 7.1, (N-CH,CH3),]; 2.34
(2H, d, ] = 6.8, H-1); 1.24 [26H, m, (CH3);3); 1.44 [9H, s, NHCOOC(CHs)s]; 0.98
[6H, t, J=7.1, (N-CH,CH3),]; 0.87, (3H, t, J; =6.5, CHs). '>*C NMR (50.3 MHz,
CDCls): 6 (ppm) 156.1, 78.9, 57.2, 49.4, 47.4, 33.8, 31.9, 29.7, 29.4, 28.5 25.8,
22.7,14.2,11.8. HRMS: Calcd: 413.4086 (M* + H); found: 413.4079. Anal. Calcd
for C55Hs5,N,0,: C, 72.76; H, 12.70; N, 6.79. Found: C, 72.75; H, 12.68; N, 6.73.
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